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We used electron cryotomography to study the molecular arrange-
ment of large respiratory chain complexes in mitochondria from
bovine heart, potato, and three types of fungi. Long rows of ATP
synthase dimers were observed in intact mitochondria and cristae
membrane fragments of all species that were examined. The dimer
rows were found exclusively on tightly curved cristae edges. The
distance between dimers along the rows varied, but within the
dimer the distance between F1 heads was constant. The angle
between monomers in the dimer was 70° or above. Complex I
appeared as L-shaped densities in tomograms of reconstituted
proteoliposomes. Similar densities were observed in flat mem-
brane regions of mitochondrial membranes from all species except
Saccharomyces cerevisiae and identified as complex I by quantum-
dot labeling. The arrangement of respiratory chain proton pumps
on flat cristae membranes and ATP synthase dimer rows along cris-
tae edges was conserved in all species investigated. We propose
that the supramolecular organization of respiratory chain com-
plexes as proton sources and ATP synthase rows as proton sinks
in the mitochondrial cristae ensures optimal conditions for efficient
ATP synthesis.
cryoelectron tomography ∣ subtomogram averaging ∣ membrane curvature ∣
membrane potential ∣ mitochondrial ultrastructure
Mitochondria, the powerhouses of eukaryotic cells, generateATP, the universal energy carrier in all life forms. The F1Fo
ATP synthase uses the energy stored in the electrochemical
proton gradient across the inner mitochondrial membrane to
produce ATP from ADP and phosphate. The proton gradient
is established by the respiratory chain complexes I, III, and IV,
which pump protons out of the mitochondrial matrix into the cris-
tae space while transferring electrons from the electron donors
NADH, FADH, or succinate (via complex II) to the final electron
acceptor O2. The F1Fo ATP synthase and complex I (NADH
dehydrogenase) are the largest membrane protein complexes in
mitochondria, composed of more than 20 or 40 individual protein
subunits, respectively (1, 2). The 600-kDa ATP synthase consists
of the Fo part in the membrane that works like a proton-driven
turbine, and the catalytic F1 part on the matrix side. The two parts
are held together by a static peripheral stalk and a rotating central
stalk that transmits the torque from the rotor unit in the mem-
brane to the catalytic F1 head (3, 4). Complex I is an L-shaped
molecule of approximately 1 MDa. Its membrane arm has three
or four proton-pumping modules, while the matrix arm catalyzes
electron transfer from NADH to the hydrophobic electron accep-
tor ubiquinol (5). The structures of both complexes have been
determined by X-ray crystallography, either partially in the case
of the F1Fo ATP synthase (6), or at low resolution in the case of
mitochondrial complex I (7, 8), but their relative organization in
the mitochondrial inner membrane is largely unknown.
The two large complexes occur at an approximate ratio of one
molecule of complex I per 3.5 ATP synthase monomers (9). The
ATP synthase is easily identified in mitochondrial membranes by
its characteristic 10-nm F1 head connected to the membrane by a
5-nm-long stalk (10–12). Blue-native polyacrylamide gel electro-
phoresis (BN PAGE) of the mitochondrial F1Fo ATP synthase
has shown that the complex forms dimers or larger oligomeric
assemblies when solubilized with mild detergents (13). Single-
particle electron microscopy indicated angles of 40° (14, 15) or
70–90° (16, 17) between the long axes of monomers in the dimer.
Freeze-fracture deep-etch replicas suggested that in Paramecium
these dimers form rows along the edge of helical cristae tubes
(18). More recently, cryoelectron tomography (cryo-ET) of cris-
tae membranes from bovine heart or rat liver mitochondria has
shown that the ATP synthase dimers form long rows along highly
curved membrane ridges (12). The dimer rows appear to play a
major role in cristae formation and morphology. Deletion of the
dimer-specific subunits e, g, or the first helix of subunit b in the
peripheral stalk results in the formation of mitochondria with
onion-like cristae (19, 20).
BN PAGE has suggested that bovine heart complex I forms
supercomplexes with cytochrome c reductase (complex III) and
cytochrome c oxidase (complex IV) (21). 3D maps of this super-
complex havebeenobtainedby single-particle electronmicroscopy
of negatively stained samples (22), and, most recently, cryo-EM.
The three respiratory chain complexes are oriented in the super-
complex in a way that appears to be optimal for electron transfer
and substrate shuttling. Each works as a proton pump, and to-
gether they generate the proton motive force (pmf) that drives
ATP synthesis. The mutual arrangement of electron transfer com-
plexes as proton sources and ATP synthase complexes as proton
sinks in the membrane is therefore of fundamental interest and
importance for understanding mitochondrial energy conversion.
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To study the macromolecular organization of ATP synthase
and complex I in the inner mitochondrial membrane, we imaged
mitochondrial membranes and whole mitochondria from mam-
mals, fungi and plants by cryo-ET. Long rows of ATP synthase
dimers in cristae membranes were a universal feature of all mi-
tochondria we investigated. The rows were confined to the highly
curved edges of lamellar cristae and were formed by dimers with a
constant F1 head distance. These dimers corresponded to those
with a dimer angle of >70° observed by single-particle analysis
(16, 17). Complex I in the membrane was identified by its shape,
or by specific quantum-dot labeling. Unlike the ATP synthase,
this complex was irregularly distributed on the mostly flat mem-
brane regions on either side of the ATP synthase dimer rows. The
organization of these two large complexes was the same in all
species investigated and is thus conserved during evolution.
We propose that the conserved organization of respiratory chain
complexes into regions that are either rich in ATP synthase or in
complex I, and the extended rows of ATP synthase dimers on the
cristae edges has important implications for ATP synthesis in
mitochondria.
Results and Discussion
Cryo-ET of Whole Mitochondria. Cryo-ET is the method of choice
for visualizing the three-dimensional organization of protein
complexes in the membrane. Using this technique, we previously
discovered long rows of ATP synthases dimers in membrane frag-
ments of bovine heart and rat liver mitochondria (12). To find
out whether this striking arrangement occurs also in intact, func-
tional mitochondria and perhaps extends to other kingdoms, we
performed cryo-ET on whole mitochondria from bovine heart
(Bos taurus), potato tubers (Solanum tuberosum), and three
species of fungi (Saccharomyces cerevisiae, Yarrowia lipolytica, and
Podospora anserina).
In tomographic reconstructions, mitochondria appeared as
dense, oblate ellipsoids with a diameter around 600–1200 nm
(average 900 165 nm) for all species except P. anserina, which
were smaller. The mitochondria contained a complete outer mem-
brane with an inner to outer membrane distance of 12 2.5 nm
and an intercristae membrane distance of 20 4 nm, consistent
with previous studies (11, 23). For potato and the three species
of fungi, the cristae consisted of distinct flattened sacs, which
merged with the inner boundary membrane in long slit-like junc-
tions (20–300 nm) (Fig. S1A). At their edges in the matrix, cristae
often had square corners where the membrane bent abruptly
by approximately 90° (Fig. S2). This feature was common in
P. anserina and potato but also occurred in S. cerevisiae. In bovine
heart, the cristae formed networks of small lamellar patches con-
nected to each other by short tubular segments, as in neuronal mi-
tochondria (24). Cristae were connected to the inner boundary
membrane by small circular junctions of 35 5 nm diameter. The
tubular cristae segments always originated from the edges of lamel-
lar patches rather than from flat membrane regions (Fig. S1B).
Rows of ATP Synthase Dimers in Whole Mitochondria. P. anserina
mitochondria proved to be the most suitable for examining the
arrangement of the ATP synthase in undisrupted organelles.
Mitochondria prepared from synchronized, 6-d-old P. anserina
cells measured only 300 to 600 nm (average 450 80 nm) in dia-
meter and hence were more transparent compared to those from
other species, allowing large protein complexes to be visualized in
the tomographic volume. Biochemical assays of similar prepara-
tions (25) showed tightly coupled respiration, indicating that the
isolated mitochondria were undamaged and active.
In P. anserina mitochondria we found double rows of 10-nm
particles approximately 5 nm above the membrane, along the
highly curved cristae edges (Fig. 1 and Movie S1). The particles
were connected to the membrane by a stalk of 3–4 nm, giving
them the characteristic lollipop shape of the F1Fo ATP synthase
(10–12). The center-to-center distance between particles across
the dimer rows consistently measured approximately 28 nm,
whereas the head-to-head distance along rows varied from
12 nm to greater than 20 nm. We conclude that the double rows
are loose arrays of ATP synthase dimers, arranged with their long
axis perpendicular to the direction of the row. No ATP synthase
dimers or higher oligomers were detected in the flat cristae re-
gions, which suggests that, at least in this species, ATP synthase
dimers are confined exclusively to the cristae edges.
In the larger mitochondria from bovine heart, potato, and
S. cerevisiae, detailed membrane features were usually obscured by
the dense matrix. Occasionally, rows of ATP synthase dimers were
visible and could be traced for short distances (Figs. S2 and S3).
Fig. 1. Rows of F1-Fo ATP synthase dimers in whole mitochondria. (A) Tomo-
graphic slice through a whole mitochondrion of Podospora anserina showing
arrays of dimeric ATP synthases (yellow arrowheads). (B) Segmented surface
representation ofA showing position of ATP synthase dimers (yellow spheres)
to cristae membrane (blue). Dimers are confined to the highly curved cristae
edges (see Movie S1). The mitochondrion is intact, as shown by the granular
appearance of the matrix, in which ribosomes are visible as dark gray,
approximately 25-nm particles. Gray, outer membrane; blue, cristae mem-
branes; blue-transparent, inner boundary membrane; yellow, ATP synthase.
Scale bar, 200 nm.
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The arrangement of ATP synthase in these mitochondria was
similar to P. anserina, although the distance between the F1 heads
in a dimer from potato was larger. The occurrence of ATP
synthase dimer rows in whole mitochondria shows that the linear
arrays previously observed in mitochondrial membrane fragments
(12) were not due to membrane disruption but are a fundamental
feature of intact, active mitochondria.
Subtomogram Averages. To compare the membrane arrangement
of ATP synthase dimers in more detail, we collected tomographic
volumes of isolated cristae membranes and calculated subtomo-
gram averages of dimers from all five species (Fig. 2). The signal-
to-noise ratio in such preparations was considerably higher than
in intact mitochondria, because the membranes were surrounded
by dilute aqueous buffer rather than the dense mitochondrial
matrix. Cristae membrane fragments were either found amongst
intact mitochondria, or created by successive freeze-thaw cycles.
Although cristae were predominantly lamellar in whole mito-
chondria (Fig. 1 and Fig. S1), the isolated membrane fragments
were mostly tubular (fungi and potato) or disk-like (bovine
heart). As in whole mitochondria, the dimer rows were more
or less straight, and followed the undulations of the cristae edges.
The distance between F1 heads in a dimer matched those mea-
sured in whole mitochondria (Fig. S4). This suggests that the di-
mer rows are not easily disrupted by mechanical force, and either
remain unperturbed or reassemble in isolated cristae membranes.
Subtomogram averages of the two yeasts and P. anserina partially
resolved the peripheral stalk, which extended from the dimer
interface in the membrane toward the F1 heads (Fig. 2B). The
angle between monomers in the dimer was approximately 80°
for bovine heart and the three species of fungi, and approximately
115° for potato correlating with the difference observed in F1
head distance of the dimers.
Single-particle analyses of detergent-solublized ATP synthase
dimers from S. cerevisiae have indicated two different conforma-
tions: one with an angle >70° between the long axis of the mono-
mers, and another with a smaller angle of approximately 40°
(14–17). Clearly, all dimers we found in whole mitochondria
and cristae fragments were of the former class with the wider dimer
angle. Dimers with the smaller angle have been proposed to reflect
the interaction of monomers along the rows (17). However, a di-
mer angle of 40° in this direction would result in an approximately
20-nm radius of curvature along the row, which we did not observe.
Alternatively, the 40° dimers might be due to an interaction
with the IF1 factor that binds to the F1 heads and inhibits
ATP hydrolysis. S. cerevisiae dimers with the 40° angle were iso-
lated at pH 7.0. It is known that mammalian IF1 is mainly dimeric
at pH 6.5 (26). It is thus conceivable that the 40° dimers formed
by association with dimeric IF1 during isolation. Indeed, single-
particle analysis of bovine heart ATP synthase revealed a similar
40° dimer with a bridging density between the F1 heads (15),
which was attributed to the IF1 protein. Accordingly, the dimers
in the linear arrays we found in whole mitochondria and isolated
cristae membranes would be the uninhibited dimer, whereas the
40° dimers seem to be the inhibited IF1 complex.
Dimer Rows are Ubiquitous in All Mitochondria. The linear rows of
ATP synthase dimers contrast with the helical rows observed in
the two protist species Paramecium and Polytomella (18, 27),
which have been proposed to induce the formation of helical tub-
ular cristae from flat membranes (28). The dimer rows in these
species appear to be more regular, such that each dimer interacts
specifically with its neighbors, each offset by a small angle [9° in
Polytomella (27)]. This gives rise to a helical arrangement on the
outer edge of spiralling tubular cristae (18). In the six species
we investigated [including rat liver, (12)], no offset was observed
between dimers, and thus the dimer arrays were never helical.
Therefore, although details of molecular interaction within the
dimer or between dimers along rows may vary, the linear arrays
of ATP synthase dimers are a ubiquitous, fundamental feature in
mitochondria of all eukaryotes, including protists (29).
Linear dimer rows induce tight bends or ridges in the inner
membrane, often extending for several hundred nanometers.
Our observation that the tightly bent membrane regions persist
after disruption of the mitochondria supports our earlier conclu-
sion that the dimers shape the membrane, rather than the other
way round. The dimer rows thus exert a bending force on the lipid
bilayer, and any newly added dimers converge at the point of
highest membrane curvature, where the bending energy exerted
by each dimer would be minimal. This suggests that the linear rows
of ATP synthase dimers are sufficient to create cristae ridges,
whereas other factors are probably required to generate or main-
tain cristae junctions.
Complex I in Cristae Membranes. Rectangular particles rising ap-
proximately 15 nm above the inner membrane surface were often
seen in tomographic volumes of isolated cristae membranes of
all species investigated except S. cerevisiae (Fig. 3). Comparison
with tomograms of complex I reconstituted into proteoliposomes
suggested that these densities were most probably complex I
Fig. 2. Rows of F1-Fo ATP synthase dimers from five different species. (A) Tomographic slices showing linear arrays of F1-Fo ATP synthase dimers in mitochon-
drial membranes from bovine heart, Yarrowia lipolytica, Podospora anserina, Saccharomyces cerevisiae, and potato. (Inset) Side view of each array showing
dimers in relation to the membrane. Yellow arrowheads indicate F1 heads of one dimer. Scale bar, 50 nm. (B) Surface representations of subtomogram
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(Fig. 3A). To confirm this, cristae membranes from Y. lipolytica
were labeled with quantum dots conjugated to antibodies against
complex I (Fig. 3B). Although the labeling efficiency was low,
quantum dots were found only on one side of the membrane,
and always within 25 nm of a complex I-like density, correspond-
ing to the length of two IgG molecules. Apart from the ATP
synthase, complex I is the only other membrane protein in the
inner mitochondrial membrane large enough to be easily visible
by cryo-ET. Complex I–like densities were found in membranes of
all species except S. cerevisiae, which is known not to have this
particular complex. We conclude that these rectangular densities
are in fact complex I or belong to supercomplexes that contain it.
Because of the higher background, we were not able to identify
complex I unambiguously in whole mitochondria. However, we
were able to visualize complex I in tomograms of isolated cristae
membranes from P. anserina, which had maintained their charac-
teristic box-like shape (Fig. 4). Rows of ATP synthase dimers were
found along the approximately 90° edges of the lamellar cristae,
indicating that the supramolecular arrangement of membrane
complexes had been preserved, whereas the flat sides of the box-
shaped vesicles contained numerous densities without apparent
long-range order. Approximately 30 complex-I-like densities
and 108 ATP synthase molecules were present in one such box-
like crista vesicle, giving a ratio of complex I to ATP synthase of
1∶3.6, very similar to what has been found biochemically (9). In
the cristae, complex I thus occupies the membrane regions on
either side of the dimer rows, which are more or less flat. The
other two mitochondrial proton pumps, complex III and IV,
which are too small to be detected by present cryo-ET techniques,
most likely also occur in these membrane regions, and may form
supercomplexes with complex I. Indeed, some of the complex I
densities in potato and bovine heart resemble the shape and size
of the supercomplex (22) (Fig. 3 C and D and Movie S3). We can
exclude that, in the mitochondria we investigated, these com-
plexes form respiratory strings (30–32), which would be easily
visible by cryo-ET.
Functional Implications. ATP production in mitochondria is pow-
ered by the pmf, manifest in the electrochemical transmembrane
gradient. The resulting current of protons through the Fo rotor of
the ATP synthase drives ATP production by rotary catalysis in the
F1 head on the matrix side of the membrane. The pmf is gener-
ated by complexes I, III, and IV, the proton pumps of the respira-
tory chain, which translocate protons across the membrane from
the matrix side into the cristae space. The pmf has two compo-
nents, one resulting from the pH difference across the membrane
(ΔpH), and the other from the membrane potential (Δψ). In
mitochondria and chloroplasts, the pmf is roughly 180 mV.
In chloroplasts, this is mostly accounted for by the ΔpH, whereas
in mitochondria the ΔpH contribution is comparatively small.
Given that the matrix pH is 7.9 (33), the cytosolic pH is 7.35 (34),
and the outer membrane is freely permeable to ions, the nominal
ΔpH across the mitochondrial inner membrane is 0.55 units,
equivalent to 32 mV. However, in vitro studies indicate that
the mitochondrial, chloroplast and bacterial ATP synthases all
need a ΔpH close to 2 units, equivalent to approximately 120 mV,
and a p-side pH close to 6, to produce enough ATP to sustain life
(35–38). We propose that the apparent paradox of a ΔpH that is
seemingly insufficient and a p-side pH that is too high for efficient
ATP production is resolved by the special geometry of the mito-
chondrial cristae.
In a previous study (12), we calculated that the high degree of
membrane curvature at the cristae ridges could accommodate a
higher charge density for a given membrane potential, resulting in
a local ΔpH increase of up to 0.5 units. Furthermore, an earlier
modelling study by Cherepanov et al (39) found that protons
Fig. 3. Complex I (A) Tomographic slice of proteoliposomes with reconsti-
tuted complex I from Y. lipolytica (green arrowheads). The red box indicates
a complex I density that was segmented (complex I, green; membrane, blue).
Slices through the boxed complex I volume are shown above the rendered
image. (B) Tomographic slice and rendered volume of two complex I densities
(green) labeled with a quantum dot (red arrow). Tomographic slice of
isolated cristae membranes from potato (C) and bovine heart (D) showing
different structures for complex I (green arrowheads) and ATP synthase
(yellow arrowheads). The particle next to the complex I density in D may
be a complex III dimer in a supercomplex. The rendered volume shows a
row of ATP synthase dimers (yellow) in the membrane (light blue) next to
a density containing complex I (green) of the same shape and size as bovine
supercomplex I1III2IV1 (22). Scale bars: A and C, 50 nm; B and D, 20 nm.
Fig. 4. Isolated crista vesicle from P. anserina. (A) Two tomographic slices
of the same box-shaped cristae vesicle showing ATP synthase dimers at
approximately 90° bends in the membrane (yellow arrowheads) and complex
I densities (green arrowheads) in flat membrane regions of the vesicle.
(B) Segmented surface representation. Two rows of ATP synthase dimers
(yellow and red) in the membrane (gray) run along the 90° membrane ridges.
Irregularly distributed particles of complex I or other respiratory chain
complexes (green) are confined to flat membrane regions (see Movie S2).
Scale bar, 50 nm.
Davies et al.   PNAS   |   August 23, 2011   |   vol. 108   |   no. 34   |   14125
released on the membrane surface encounter a potential barrier
of 0.1 to 0.15 mV. The potential barrier makes it more difficult for
the pumped protons to escape to the bulk solvent, resulting in a
higher proton concentration, and consequently a lower pH, at
distances up to 1 nm from the membrane surface. The effective
pH in this boundary layer has been estimated at approximately 6,
independent of the pH of the bulk solvent (39). The boundary
layer, in combination with the higher charge density at the cristae
ridges, would meet both the above requirements for efficient ATP
synthesis, of a pH below 6 on the p-side of the membrane, and a
ΔpH around 2. Protons, which move along membrane surfaces
about 10 times faster than into bulk solvent (40), would thus dif-
fuse preferentially along the membrane from their source at the
respiratory chain proton pumps on either side of the cristae ridges
toward the proton sinks at the ATP synthase dimer rows (Fig. 5).
The rapid consumption of protons by the ATP synthases at the
cristae ridges would establish a proton gradient along the mem-
brane, by which protons would tend to flow from source to sink,
instead of diffusing equally in all directions. The directional pro-
ton flow along the membrane surface would provide both a func-
tional role for the mitochondrial cristae, and explain how the
conserved, ubiquitous rows of ATP synthase dimers along the
cristae ridges help to optimize ATP synthesis in mitochondria.
Materials and Methods
Culture Conditions. Yarrowia lipolytica strain E129 (41), and Sacchromyces cer-
vasiea strain BY4741 (EUROSCARF, Germany) were grown under standard
conditions in YPG and YPEG medium respectively. Podospora anserina strain
“s” (42) was grown as described (43). Young P. anserina mitochondria were
isolated from liquid cultures inoculated with 6-d-old mycelium.
Purification of Mitochondria. P. anserina and S. cerevisiae mitochondria were
isolated as described in refs. 25 or 44, respectively. Y. lipolytica mitochondria
were obtained by either method. Bovine heart mitochondria were isolated as
described in refs. 45 and 46. Potato mitochondria were obtained as described
in ref. 47 followed by a Percoll step gradient (26∕46%). Whole mitochondria
were fragmented by successive freeze-thaw cycles at −20 °C.
Complex I Reconstitution and Labeling. Complex I was purified from Yarrowia
lipolytica strain PIPO and reconstituted into liposomes as described (48).
Labeling was performed on submitochondrial vesicles obtained from
Y. lipolytica by osmotic shock. Membrane extracts were incubated for 1 h
at 4 °C with a primary antibody (Y37F3) against the matrix arm of complex
I from Y. lipolytica (49), followed by a secondary anti-mouse IgG antibody
conjugated with a quantum-dot emitting at 605 nm (Invitrogen). Unbound
antibodies were removed by an Optiprep step density gradient centrifuga-
tion (20∕24%, 80;000 × g, 30 min).
Cryo-ET and Subtomogram Averaging. Tomography was carried out as
described (12, 43). All mitochondria samples were resuspended in trehalose
buffer (250 mM trehalose, 10 mM Tris-HCl pH 7.4) immediately before
plunge-freezing. Subtomograms were averaged in IMOD (50) after preorien-
tation using manually picked contours which described the positions of the
F1-F1 parts relative to the membrane. The final volume was 2-fold averaged.
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